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ABSTRACT 

In this preliminary research study, computational 
fluid dynamics (CFD) was used to investigate the manage- 
ment of inlet distortion by the introduction of discrete 
vorticity sources at selected locations in the inlet for the 
purpose of controlling secondary flow. These sources of 
vorticity were introduced by means of vortex generators. A 
series of design observations were made concerning the im- 
portance of various vortex generator design parameters in 
minimizing engine face circumferential distortion. The study 
showed that vortex strength, generator scale, and secondary 
flow field structure have a complicated and interrelated in- 
fluence on the engine face distortion, over and above the 
initial geometry and arrangement of the generators. Overall, 
the installed vortex generator performance was found to be 
a function of three catagories of variables, namely: (1) the 
inflow conditions, i.e. throat Mach number (inlet mass 
flow), Reynolds number, etc., (2) the aerodynamic charac- 
teristics associated with the inlet duct, and (3) the design 
parameters related to the geometry, arrangement, and 
placement of the vortex generators within the inlet duct it- 
self. 


INTRODUCTION 

In the re-engining program for the 727-100 aircraft, 
the TAY650 series engines were chosen to replace all the 
current existing engines to reduce the jet noise and specific 
fuel consumption. In order to accomplish this goal, a major 
engineering effort was initiated to design a new inlet S-duct 
for the center engine in order to deliver the 30% increase in 
air mass flow required by the TAY650 series engines. The 
design goals for the new inlet included a minimum total 
pressure recovery of 0.960 and engine face distortion level 
consistent with stable engine operation, without modifica- 
tions to the existing 727-100 aircraft structure. Both total 
pressure recovery and inlet distortion are influenced by the 
viscous behavior of fluids, and in particular, by the devel- 
opment of secondary flow within the inlet duct. 

One of the most commonly used methods to control 
local boundary layer separation within diffusing ducts is the 
placement of vortex generators upstream of the problem 
area. Vortex generators in use today are small wing sections 
mounted on the inside surface of the inlet inclined at an an- 
gle to the oncoming flow to generate a shed vortex. The 
generators are usually sized to the local boundary layer 
height for the best interaction between the shed vortex and 
boundary layer, and are usually placed in groups of two or 
more upstream of the problem area. The principle of 
boundary layer control by vortex generators relies on in- 
duced mixing between the external or core stream and the 
boundary layer. This mixing is promoted by vorticies trail- 
ing longitudinally near the edge of the boundary layer. Fluid 
particles with high momentum in the stream direction are 
swept along helical paths toward the duct surface to mix 
with and, to some extent, replace the low momentum 


boundary layer flow. This is a continuous process that 
provides a source of re-energization to counter the natural 
boundary layer growth caused by friction, adverse pressure 
gradients, and low energy secondary flow accumulation. 

There are two basic configurations of vortex genera- 
tors. In one configuration, all the vortex generators are in- 
clined at the same angle with respect to the oncoming flow 
direction. These are called co-rotating configurations be- 
cause the shed vorticies rotate in the same direction. In the 
other configuration, the vortex generators are grouped in 
pairs inclined in opposite direction, such that pairs of 
counter-rotating shed vorticies are generated. 

Co-rotating vortex generators are very useful in re- 
ducing flow separation if the generators are properily se- 
lected and located. The main advantage of co-rotating type 
vortex generators are their downstream effectiveness result- 
ing in more effective usage of the vortex energy within the 
affected boundary layer. According to design 'wisdom', this 
type of vortex generator has a few special advantages when 
\Tsed within S-duct inlet configurations, namely: (1) the in- 
duced vortices will remain close to the wall; consequently a 
'cleaner' core flow will result, and (2) the induced vorticies 
will counteract the natural and often strong secondary flows 
which can develop. 

Counter-rotating, equal strength vortex generators 
have been used in a number of aircraft inlet ducts, including 
the F/A-18 and the 727. This type of vortex generator is 
very effective in reducing flow separation if the vortex gen- 
erators are placed slightly upstream of the region of sepa- 
ration. However, according to vortex generator design 
'wisdom', the disadvantages of this type of generators, as 
compared to co-rotating generators, are that the induced 
vorticies tend to lift off the duct surface, thus reducing their 
effectiveness, causing higher loss in inlet recovery and larger 
total pressure distortion at the compressor face. 

The performance of vane-type vortex generators was 
evaluated by Taylor (Ref. 3), for diffusers and airfoils at low 
speed, and by Valentine and Carrol (Refs. 4 and 5), for 
airfoils and wings at high speeds. This work provides trends 
in effectiveness for certain vortex generator design variables 
such as angle- of-attack, height, and distance ahead of sepa- 
ration. Attention was focused on the detailed changes that 
were produced in the boundary layer as a result of place- 
ment of vortex generators in the flow. Percy and Stuart 
(Ref. 6), extended the study of the effects of various design 
parameters and concluded that the strength and disposition 
of the individual induced vortices was more important than 
the details of the boundary layer upstream of the imposed 
pressure gradient. 

It was not until the confirmation test by Kaldschmidt, 
Syltebo, and Ting (Ref. 7), on the 727 center inlet duct for 
the refanned JT8D engine that an attempt was made to use 
vortex generators to restructure the development of second- 
ary flow in order to improve the engine face distortion level. 
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With this work, a very important shift in strategy on the use 
of vortex generators had occurred. The perspective had 
shifted from a local one, in which the goal was to prevent 
boundary layer separation, to a global one, in which the goal 
was to control secondary flow in order to minimize engine 
face distortion. 

In order to accomplish this new objective for internal 
flow control, the design strategy must shift from an exper- 
imental to an analysis based methodology. This paper re- 
presents one in a series of studies (Refs. 8-11), on the design 
issues associated with inlet-engine compatibility problems, 
and in particular, engine face distortion and its control. 
These studies center on the development of CFD tools and 
techniques for use within an analysis-design enviornment, 
an the application of these new analysis approaches to un- 
derstand and control inlet-engine distortion. The first paper 
in this series, by Anderson (Ref. 8), dealt with the aero- 
dynamic characteristics of vortex interaction within the 
F/A-18 inlet duct, where the vortex interaction arises as a 
result of a vortex ingestion. Later studies will involve the 
effect of vortex ingestion on the engine face flow field itself. 
The second paper in this series, by Anderson and Levy (Ref. 
9), demonstrated that an installation of co-rotating vortex 
generators could be constructed to tailor the development 
of secondary flow to minimize engine face distortion. Of 
importance is the conclusion that there exists an optimum 
axial location for the co-rotating vortex generators, and a 
maximum spacing of the generators above which the engine 
face distortion rapidly increases. This study also showed 
that the vortex strength, generator scale, and secondary flow 
field structure have a complicated and interrelated influence 
on the engine face distortion, beyond the initial arrangement 
of generators. The third paper in this series, by Anderson 
and Farokhi (Ref, 10), concluded that there exists a class of 
streamwise separated flows which are dominated by the 
transport of vorticity, and such separations, termed 
'vorticity separations', are associated with vortex liftoff 
These separated flows are very common in inlet ducts, and 
are a major cause of pressure loss and engine face distortion. 
Reduced Navier Stokes (RNS) solution techniques were 
shown to describe the topological and topographical fea- 
tures of such flow separations, and the numerical results 
were very consistent with those from two Full Navier Stokes 
(FNS) codes with regard to the separation point and reat- 
tachment length. Because of the large number of 
independant variables associated with the design of vortex 
generator systems for flow control, the fourth paper in this 
series by Anderson and Levy (Ref. 1 1), examined the use of 
numerical optimization procedures to assist the engineer in 
this process. A performance parameter was suggested to 
account for both inlet distortion and total pressure loss at a 
series of design flight conditions. 

The overall objective of this paper is to advance the 
understanding, the prediction, and the control of inlet dis- 
tortion, and to study the basic interactions that influence 
this important design problem. Specifically, the goals of the 
present paper are: (1) to demonstrate the capability of the 
Reduced Navier Stokes code RNS3D assist in the design of 
the vortex generator system for the new' center inlet duct for 
the 727- 100 series aircraft, (2) to investigate the effects of 
inlet flow conditions and the geometry, arrangement, and 
placement of vortex generators on engine face distortion, 
and (3) to make some formal observations concerning the 
importance of various vortex generator installation parame- 
ters in minimizing engine face distortion. 


THEORETICAL BACKGROUND 

The flow through the S-duct inlet is computed by 
solving the Reduced Navier Stokes (RNS) equations using 
the RNS3D computer code. Solution proceedures similar 
to this have also been referred to as parabolized, partially- 
parabolized, or semi-elliptic procedures. The RNS 


equations are derived using approximations from the 
velocity-decomposition approach of Briley and McDonald 
(Refs. 12-13). For the cases being considered, these 
equations yield accurate flow predictions, while reducing the 
labor of solution below that required for the full Navier- 
Stokes equations. The equations are solved by an efficient 
spatial forward marching procedure. Unlike the partially- 
parabolized or semi-elliptic procedures, a single sw'eep 
through the inlet is used in the solution procedure. This 
solution technique has been validated over a wide range of 
conditions (Refs. 14-18). Further details on the RNS3D 
computer code may be found in Ref. 8. 

Vortex Generator Model 

The model for the vortex generators within the RNS 
analysis, described by Kunik, (Ref 19), takes advantage of 
the stream function-vorticity formulation of the governing 
equations. The shed vortex is modeled by introducing a 
source term into the vorticity equation that is a function of 
the geometric characteristics of the generators themselves. 
This source term is introduced at every point in the cross- 
plane in the form of the following expression 

r, = r 0 e~ W (i) 

where T p is the vortex strength at any point in the cross- 
plane, r 0 is the vortex strength at the tip of the generator, r 
is the distance between the field point and the tip of the 
generator, and c x is a constant which controls the decay of 
the shed vortex strength in the cross-plane. The geometry 
of the generator is related to the vortex strength at the blade 
tip through the term To, defined by 

r 0 — 8,0pwc tanh(a) (2) 

where p is the fluid density, u is the velocity of the flow at 
the generator tip, c is the chord length, and a is the aero- 
dynamic angle of attack in radians. The decay constant c x 
in Equ. (1) is given by the expression 

c,= 4.0/c 2 (3) 

This vortex model resembles the one proposed by Squire 
(Ref 20), except that it neglects the variation of viscosity in 
the cross-plane. Kunik (Ref. 19), found that this vortex 
generator model showed "good qualitative agreement with 
idealized and experimental results" and that the "distortion 
levels and alleviation of separation also agreed w r ith exper- 
imental results". 

Steady State Engine Face Distortion Descriptors 

It is impractical to measure anything at the engine 
face when the engine is installed and operating, conse- 
quently, the engine and inlet designers agreed upon an 
Aerodynamic Interface Plane (AIP) which is forward of the 
compressor face but sufficiently close to the engine lace to 
have a similar flow field. Current U.S. practice uses forty 
or forty eight transducer probes arranged in eight rakes with 
five or six rings. The radius of each ring is set such that all 
probes are at the centroid of equal areas. All distorton de- 
scriptors, whether they quantify steady state or transient 
distortion conditions, are always calculated relative to the 
standard rake located at the AIP. In experimental data re- 
duction, it is assumed that the both the static pressure and 
temperature are constant and steady across the AIP; thus 
both the velocity and Mach number can be considered 
functions only of total pressure and the distribution of this 
quantity is the only measurement that needs to be made. 

The most widespread quantitative distortion descrip- 
tor available in the literature, because of its use in the earli- 
est measurements on inlet ducts in the late 1950's, is simply: 
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(4) 

where Pt ma is the maximum measured total pressure, Pt mi „ 
is the minimum total pressure, and P/ w is the area weighted 
average total pressure. This descriptor indicates the maxi- 
mum variation in total pressure across the AIP and is useful 
to describe the 'general health' of inlet ducts irrespective of 
the type of powerplant that may be used. 

More advanced distortion descriptors, introduced in 
the late 1960's and 1970's, take into account the radial and 
circumferential total pressure variation across the AIP. The 
effect of circumferential distortion on compressor surge 
margin is essentially to drop the maximum pressure ratio of 
a constant corrected speed line. One of the simplest quoted 
descriptors for circumferential distortion is from Rolls 
Royce and is defined as 

° c «-( ) < s » 

where typical values of 0 are 60.0°, 90.0°, and 120.0°, Pt m jn 
is the minimum total pressure in any section of extent 0, 
Pt tt¥ , the average total pressure and q mt is the average dy- 
namic pressure evaluated at the aerodynamic interface 
plane. For bypass engines, a circumferential distortion de- 
scriptor DC 9 _ gg is often used, where GG indicates that the 
index is taken over the area of the gas generator. 


distortion, and the effectiveness of the design is determined 
by standard distortion descriptors such as the DC 6 0 indica- 
tor. 


Installed Vortex Generator Performance Characteristics 

The application of the three-dimensional Reduced 
Navier Stokes code RNS3D to analyze and design a new 
center inlet S-duct for the 727-100 series aircraft using the 
TAY651-54 engines is described by Huang and Piccolo (Ref 

24) , and by Huang, Picollo, Paschal, and Anderson (Ref. 

25) . The starting point for new center inlet was the original 
S-duct geometry described by Kaldschmidt, Syltedo, and 
Ting (Ref. 7), for the JT8D series engines. In order to arrive 
at the new S-duct geometry, a sensitivity study was con- 
ducted and six categories of geometry perturbations were 
studied which included: 

(1) Variation of the area distribution in the first bend. 

(2) Variation of the area distribution in the second bend. 

(3) Variation of the area distribution in both bends. 

(4) Variation in the centerline radius of the first bend. 

(5) Modification of the cross-sectional shape to 
super-elliptic throughout the duct. 


The radial distortion Dt r is defined as 
Dt, 


. _ f ^max Ptgve \ 

v ^ L 


( 6 ) 


where Pt „ , is the average total pressure for a given ring ra- 
dius and Pi mMX is the maximum local ring total pressure. The 
distortion parameter Dt $ contains information of both radial 
and circumferential distortion and is defined as: 

^ _ { P*ave ^min 

Vh — n. 


where P/ min is the lowest average total pressure in any 0 
segment, usually 60° or 180° of arc for a given ring radius 
having an average ring total pressure Pt„.. 



RESULTS AND DISCUSSIONS 
The Design Problem in the Control of Inlet Distortion 

Unlike external aerodynamics where the two- 
dimensional flow assumption is valid over extended regions 
of the flow field, the internal flow problem is plagued with 
three-dimensional flow effects. When viscous effects or 
other sources of vorticity are present, three-dimensional 
flows differ fundamentally from their two-dimensional 
counterparts in that large secondary flows are generated by 
a deflection of the primary flow and/or other mechanisms. 
Secondary flow theory (reviewed by Horlock and 
Lakshminaryana Ref. 22, and Lakshminarayana and 
Horlock Ref. 23) affords considerable insight into the gen- 
eration of secondary flow and establishes that large second- 
ary flows can be generated by small deflection of vorticity 
or shear. The large secondary flows thus generated often 
exert an appreciable influence on the primary flow, and thus 
aerodynamic performance, viscous losses, and engine face 
distortion can be significantly affected. Thus the design 
problem is controlling the three dimensional secondary flows 
that are generated within inlet ducts by introducing discrete 
sources of vorticity through an arrangement of vortex gen- 
erators. This defines the concept of vortex flow control. 
The purpose of this installation is to minimize engine face 


(6) Modification of the cross-sectional shape to elliptic 
from the inlet to the spar station. 

The results of this study showed that perturbations 
of the area distribution and centerline shape in the upstream 
section of the duct had major effects on the aerodynamic 
characteristics of the inlet. Thus, by raising the inlet duct 
centerline to increase the radius in the first bend and altering 
the area distribution to accomodate the increase airflow re- 
quirements and dimensions of the TAY65I engines, a sepa- 
ration free inlet duct was designed which had high recovery 
and low distortion. It is this inlet S-duct configuration that 
is used in the present study on vortex flow control of inlet 
distortion. 

The inlet duct geometry and computational grid used 
in the present study is shown in Fig. I. A polar grid was 
chosen for this S-duct which consisted of 49 radial, 49 
circumferential, and 241 streamwise nodal points in the half 
plane, for a total number of mesh points of 578,641. The 
CPU time was 13.5 minutes on the CRAY XMP for this 
number on mesh points. The internal grid was constructed 
such that the transverse computational plane was perpen- 
dicular to the duct centerline. Grid clustering was used in 
the radial direction to redistribute the nodal points to re- 
solve the high shear regions near the wall. The flow in the 
inlet was turbulent throughout, with an initial shear layer 
thickness <5/ A of 0.005. 

The geometry of the co-rotating vortex generators 
used in this study along with the nomenclature used in po- 
sitioning the individual blades are presented in Figs. 2 and 
3. The important geometric design parameters include: (1) 
the vortex generator blade height hjR„ (2) the blade chord 
length c/R„ and (3) the vane angle-of-attack Instead of 
the usual spacing parameter djR h i.e. the distance between 
adjacent blades, the positioning of the vortex generator 
blades was described in terms of a spacing angle oc rt and a 
sector angle over which the blades were positioned 0,. For 
this study, the relationship between blade spacing angle 
and sector angle 0, is given by 
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where n n is the number of vortex generator blades. Equ. (9) 
was also used to position the individual generator blades 
around the inside periphery inlet within the half plane grid. 
The angle ft was measured counter-clockwise relative to an 
azimuthal angle of 180° with respect to the vertical axis of 
the duct. It should be remembered that only a half-plane 
calculation was performed in this study, and Equ. (9) is used 
to place the individual vortex generators within that half- 
plane computational grid. Thus, the total number of vortex 
generators within the real inlet is twice the number actually 
used in the calculation. Since the other half of the inlet is 
the mirror image of the computational inlet, each co- 
rotating generator can be view as having a corresponding 
mirror image, i.e. the co-rotating vortex generators can be 
labeled as pairs. Shown in Fig. 4 are the axial locations of 
the vortex generator sector regions covered in this study. 
These sector regions were positioned between X n jRi — 2.0 
and XJR,= 6.0 and covered a sector angle ft up to 157.5° 
in the half-plane computational grid, or 315.0° in the real 
duct. 


Figs. 5 and 6 show a comparision between the meas- 
ured and calculated engine face total pressure recovery and 
engine face Z)C M distortion for the inlet without vortex flow 
control. The calculated performance is shown as a function 
of inlet throat Mach number M t at an inlet Reynolds num- 
ber of Rey of 12.15x10* based on inlet diameter Z),. For the 
entire range of Mach numbers considered, the analysis indi- 
cated the flow remained attached. Under these conditions, 
RNS3D was able to predict the total pressure recovery and 
Z>C« engine face distortion index very well at the designated 
critical flight condition. 

The 727/TAY651-54 center inlet S-duct design, de- 
scribed in Refs. 24 and 25, was composed of the two sets of 
vortex generator configurations, a forward co-rotating con- 
figuration defined by 


Number of Generator Pairs: 
Generator Sector Location: 
Generator Blade Height: 
Generator Chord Length: 
Generator Spacing Angle: 
Vane Angle-of-Attack: 
Generator Sector Angle: 


n n = 9 
XJR, = 3.0 
A/ft * 0.050 
c/ft *0.181 
15.0° 
ft x = 15.0° 
ft - 127.5° 


and a rearward counter-rotating configuration defined by: 


Number of Generator Pairs: n H = l 

Generator Sector Location: X n fRt ~ 5.0 

Generator Blade Height: /i/ft - 0.050 

Generator Chord Length: c/ft = 0.1 19 

Generator Spacing Angle: a n = 15.0° 

Vane Angle-of-Attack: ft* — 15.0° 

Generator Sector Angle: ft — 97.5° 


The aerodynamic performance of the inlet with both 
sets of generators was predicted by RNS3D and reported by 
Huang and Piccolo (Ref. 24), and by Huang, Picollo, 
Paschal, and Anderson (Ref. 25). This is the first example 
where computational fluid dynamics (CFD) was used to de- 
sign a vortex generator installation prior to wind tunnel 
testing and final flight certification. 

Shown in Figs. 7 and 8 are a comparision between the 
measured and calculated total pressure recovery and engine 
face DCto distortion with vortex flow control. The recovery 
characteristics shown in Fig. 7 are for the forward and 
rearward generator configurations installed in the inlet based 
on both an area weighted and mass flow weighted average 
total pressure at the engine face station. The DC » distortion 
characteristics shown in Fig. 8 are for two generator config- 
urations, namely (l) the forward configuration alone, and 
(2) the forward and rearward generator configurations in- 
stalled in the inlet. The calculated performance is shown as 
a function of inlet throat Mach number M, at an inlet 
Reynolds number Rey of 12.71x10*. 


Similar to the rational used in Ref. 7, the rearward 
generator installation was used to surpress a natural 
occuring boundary build-up along the top of the inlet duct 
as a result of secondary flow. Overall, the rearward instal- 
lation of vortex generators reduced Z)C« engine face dis- 
tortion by an average value the of less than 0.002 (shaded 
area in Fig. 8) from that obtained from the forward genera- 
tor configuration alone, over the inlet throat Mach number 
range from 0.1 to 0.6. In general, it is very diflicult to sub- 
stantially influence the engine face distortion characteristics 
with & generator installation positioned that far downstream 
in the inlet duct. 

Three important conclusions can be reached from 
Figs. 7 and 8, namely: (1) 3D RNS solution methods can 
predict overall inlet performance very w r ell at the designated 
critical operating point, (2) the forward co-rotating vortex 
generator installation alone had major influence the over 
distortion level at the engine face, and (3) vortex generators 
are a very low loss method for controlling engine face dis- 
tortion. The measured total pressure loss as a result of the 
two vortex generator installation composed of a total of 
thirty two (32) vane-type vortex generators was less than 
0.002. This is consistent with the measured losses reported 
in Ref. 7, which was 0.002 for twenty six (26) vane-type 
vortex generators. 

Aerodynamic Properties of Inlet Distortion 

The effect of inlet throat Mach number on the Z)C«, 
engine face distortion for the baseline S-duct configuration 
is shown with the engine face recovery map at each com- 
puted throat Mach number in Figs. 9 and 10. These calcu- 
lations were performed at a Reynolds number of 12.71x10*. 
Without vortex flow control the strength of the secondary 
flow decreases with decreasing throat Mach number, with 
the net result that there is a decrease in Z)C« engine face 
distortion. This results from the fact that the strength of the 
induced secondary flow is decreasing faster with inlet throat 
Mach number than the average dynamic pressure at the en- 
gine face (see discussion below). However, the interaction 
between the induced secondary flow and vortex flow estab- 
lished by the generator installation is such that the com- 
bined secondary flow decreases more slowly with the average 
engine face dynamic pressure than the secondary flow field 
without vortex generators. Thus, the combined flow field 
causes a slightly increasing DC« engine face distortion with 
decreasing inlet throat Mach number, and a secondary flow 
field that behaves very differently from that obtained with- 
out vortex generators. It is apparent that the overall effect 
of the vortex generator installation is to suppress the Mach 
number influence on the engine face distortion as measured 
by the DCm descriptor. Thus, the introduction of vortex 
flow control has changed the aerodynamic properties of 
secondary flow development, and consequently, engine face 
distortion characteristics. 

It is important to indicate that the DC& distortion 
descriptor, defined by Equ. (5), has the interesting property 
that both the numerator (defined by the pressure difference 
Pt„, — Pt min ) and the denominator (define by the average 
dynamic pressure at the engine face) both approach zero 
as the inlet throat Mach number approaches zero. In addi- 
tion, in examining inlet throat Mach number effects on 
DC W engine face distortion, it is important to understand 
that what is being measured is a pressure difference relative 
to an average engine face dynamic pressure, both of which 
decrease differently with Mach number. The pressure dif- 
ference Pt n0 — Pi min is affected by inlet throat Mach number 
in two ways, namely (I) as a compressibity effect, and (2) 
as changes in the strength and the development secondary 
flow. It is the changes in the strength and development of 
secondary flow over the flight envelopee that is the very 
heart of understanding inlet distortion. 
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Observations on Vortex Generator Installation Design 

The relative engine face distortion levels at different 
flight conditions is important since inlets must be designed 
to to operate with low distortion over a flight envelope. 
Trades between what is needed at one flight condition, such 
as takeoff, and what is needed at other conditions, such as 
transonic maneuvering at low altitudes, or cruise, must be 
made. Reynolds number, Mach number, inlet mass flow 
and engine tolerance can all change from one operating 
condition to another. Except where indicated, these studies 
were conducted at an inlet throat Mach number of 0.60 and 
Reynolds number of 16.0x10* based on inlet diameter. The 
standard blade section used in this study was composed of 
a low aspect ratio flat-plate vane type generator, where the 
ratio of blade height to chord length h/c was fixed at 0.259, 
and the vane angle-of-attack /?,, was set at 16.0°. Although 
not part of this study, it has been found that the strength 
of the individual vortex from the generator blade does not 
vary rapidly with vane angle-of-attack /?* for low aspect ra- 
tio vanes, and so the system is relatively insensitive to 
changes in local flow direction on the surface. This is in 
agreement with the conclusions reached by Pearcy (Ref. 6), 
who obtained his information from experimental measure- 
ments. 

For the purposes of this study, the performance 
characteristics of only the forward installation of co-rotating 
vortex generators (designated in this paper as configuration 
dh729) will be studied, since this installation has major in- 
fluence over inlet flow field structure. This is in keeping with 
the results of the inlet duct sensitivity study previously dis- 
cussed, as well as the conclusions reached about the influ- 
ence of the rearward generator configuration. A study of 
the rearward counter-rotating installation and its aerodyna- 
mic characteristics is a major effort and will be left for an- 
other article. 

The effect of vortex generator axial sector location 
X,JRi on DCto engine face distortion is presented in Fig. 11 
for an installation composed of nine co-rotating generator 
pairs spaced over a a sector angle of 127.5° according to 
Equ. (9). The generator spacing angle was thus 15.0°. 
For this installation of vortex generators, the position which 
minimizes Z)C M engine face distortion lies between an axial 
position of 5.0 and 6.0, with an overall distortion level of 
0.01. The total pressure recovery maps shown in Fig. II 
indicate the manner in which the performance changes with 
axial position and suggests that this generator installation 
over compensated for the effects of secondary flow at an 
axial location of 2.0, and under compensated for the effects 
of secondary flow at an axial location of 6.0. This charac- 
teristic leads to the first and most important of a number of 
design observations which can be stated as follows: 

For a given geometry and arrangement of vortex 
generators, there exists an axial location which will minimize 
engine face distortion at a given inlet flow condition. 

Presented in Fig. 12 is the effect of Reynolds number 
on the optimum axial installation location for the same basic 
vortex generator configuration as described for Fig. II. The 
computations were performed at Reynolds numbers of 
8.0x10*, 12.0x10*, and 16.0x10*, and indicate that the opti- 
mum axial sector location tends to move upstream with de- 
creasing Reynolds number. The Reynolds number effect on 
installed performance characteristics suggests that an ac- 
ceptable position for this generator configuration would lie 
between the axial stations of 3.0 and 4,0. This generator 
installation location will result in low engine face 
circumferential distortion over a wide range of Reynolds 
numbers. The second of the design observations in this set 
can thus be stated as follows: 


For a given geometry and arrangement of vortex 
generators, there exists an axial location which will minimize 
the Reynolds number effect on engine face distortion. 

Shown in Fig. 13 is the effect of blade height on the 
optimum axial sector location for the same basic vortex 
generator configuration as described for Figs. 11 and 12. 
Computations were performed at blade heights of 0.040, 
0.045, and 0.050 and axial sector stations between 2.0 and 
6.0. In general, as the vortex generator blade height is de- 
creased, the optimum axial sector location moves upstream 
and the distortion becomes more sensitive to perturbation 
in that axial position. The engine face recovery maps shown 
in Fig. 13 at the optimum axial sector locations of 3.5, 4.0 
and 5.0 are remarkably similar and the DC » distortion varies 
less than 0.005 between those three points. The third ob- 
servation thus becomes: 

There exists more than one vortex generator config- 
uration and axial position that will minimize engine face 
distortion to within 0.005 of each other. 

Fig. 14 presents the effect of vortex generator blade 
height on the Z)C W engine face distortion for the generator 
installation located at X ¥ JR { = 3.0. The calculations w r ere 
performed at an inlet throat Mach number of 0.60 and 
Reynolds number of 16.0°. In general, the installed charac- 
teristics indicate that the performance of 'under compensat- 
ing' generator installations degrades much faster than 'over 
compensating' installations. In fact, the engine face dis- 
tortion as measured by the DC& indicator is quit acceptable 
over a range of generator heights from 0.040 to 0.055, at this 
inlet flow condition. Thus, the installed performance char- 
acteristics shown in Fig. 14 illustrate the fourth observation 
which can be stated as follows: 

For a given configuration of vortex generators posi- 
tioned at a fixed axial location, there exists a blade height 
which will minimize the engine face distortion. 

Fig. 15 presents the effect of vortex generator spacing 
angle on the DC» engine face distortion for a generator 
installation located at XjR< = 3.0. Also shown are the indi- 
vidual engine face recovery maps at the spacing angles con- 
sidered in the analysis. The calculations were performed at 
an inlet throat Mach number of 0.60 and Reynolds number 
of 16.0x10* For this sequence, the generator sector angle 6, 
was held fixed at 157.5°, while the spacing is determined by 
Equ. (9) for a given number of vortex generator pairs. The 
spacing of the individual generator blades around the inside 
periphery of the inlet duct was also determined by Equ. (9). 
For this set of inlet flow conditions, vortex generator geom- 
etry, installation location, and inlet duct aerodynamic char- 
acteristics, there exists a generator spacing angle which will 
minimize the DC W engine face circumferential distortion. It 
is important to realize that this optimum spacing angle can 
occur any point within a 'reasonable' set of spacing angles 
that would be chosen for a given design. This is illustrated 
in Fig. 16, which shows a comparison between the spacing 
angle characteristics for the 727/TAY651-54 center inlet 
duct and the RAE2I29 intake, (Ref. 26). This optimum 
spacing angle is clearly a function of inlet Reynolds number 
as revealed in Fig. 17. In general, for a given generator 
blade geometry and installation location, the optimum 
spacing angle will decrease with decreasing Reynolds num- 
ber, as shown in Fig. 17. Summarizing, the fifth design ob- 
servation can be expressed as follows: 

For a given configuration of vortex generator posi- 
tioned at a fixed axial location, there exists a spacing angle 
which will minimize engine face distortion, and this opti- 
mum angle can can occur at any point within a 'reasonable' 
set of spacing angles chosen for the design. 
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Presented in Fig. 18 is the effect of vortex generator 
sector angle on the Z)C W engine face distortion index at an 
axial sector location of 3.0, and spacing angle of 15.0°. As 
the number of vortex generators increases, at a constant 
spacing angle, the sector angle will increase according to 
Equ. (9). This has the effect of 'spreading' the low energy 
flow more evenly around the the engine face, and decreasing 
the engine face circumferential distortion. Therefore, the 
more co-rotating generators that are installed around the 
periphery of the inlet duct, the more uniform the distortion 
pattern that can be realized at the engine face. This can 
clearly be seen from the engine face distortion maps pre- 
sented in Fig. 18. However, depending on the engine face 
distortion descriptor, and the sector angle over which the 
averaging process takes place, a 'local optimum' can occur 
as is indicated in Fig. 18. It is this characteristic that makes 
numerical optimization techniques difficult to apply to 
vortex generator installation design. Although not shown, 
a 'local optimum' can also occur in the engine face dis- 
tortion as a function of generator spacing angle In 
summary, the sixth design observation can be stated as fol- 
lows: 

The sector angle at which the minimum engine face 
distortion occurs will be at least 360° although a 'local op- 
timum' can occur depending on the chosen distortion de- 
scriptor and angle over which the averaging process takes 
place. 

The Aerodynamics of Vortex Flow Control 

The Reduced Navier Stokes (RNS) solution showing 
the engine face flow field and limiting streamline pattern for 
the inlet duct without vortex generators is presented in Figs. 
19 and 20. Calculations were performed for an inlet throat 
Mach number of 0.519, and Reynolds number of 12.15x10*. 
The coalescence of the streamlines in Fig. 20 is indicative of 
a secondary flow separation, and is caused by the develop- 
ment of a very strong vortex pair in the first half of the duct. 
It is this phenomena that accounts for the sensitivity of the 
inlet duct design to perturbations in the geometry of the 
forward section, and suggests why vortex flow control is 
very effective when used in the forward section of the inlet. 
This vortex pair 'sweeps' the low energy boundary layer flow 
from the inside surface into the vortex core, causing 
circumferental distortion at the engine face. This vortex pair 
can be clearly seen in Fig. 19. In some instances, this vortex 
pair can 'lift-off from the inside surface of the inlet duct, 
thereby greatly aggravating the engine face distortion prob- 
lem. The flow physics of 'vortex lift-off, which is a common 
phenomena in 3D inlet ducts, is discussed by Anderson (Ref 
10), including the analysis of this interaction using the Re- 
duced Navier Stokes equations. 

Figs. 21 and 22 present the engine face flow field and 
limiting streamline pattern that result with the dh729 vortex 
ge nera tor configuration installed in the inlet. The analysis 
oT this vortex generator installation was performed at an in- 
let throat Mach number of 0.520 and Reynolds number of 
12.71x10* based on inlet diameter. The effect of this gener- 
ator installation was to 'spread out' the low energy flow 
more evenly around the inside periphery if the engine face, 
Fig. 21. This had consequences for the limiting streamline 
pattern, as can be seen by comparing Figs. 18 and 22. 

Presented in Figs. 23 and 24 are the engine face flow 
field and limiting streamline pattern obtained with the dh733 
vortex generator installation. This vortex generator instal- 
lation is the same as config. dh729, except that it is posi- 
tioned at an axial station of 5.0 instead of 3.0, and this 
position minimizes the engine face circumferential DC« dis- 
tortion as indicated in Fig. II. In comparing Figs. 21 and 
23, it is apparent that the installation effect of locating the 
vortex generator configuration at the 'optimum' axial posi- 
tion is to 'spread out' the low energy flow at the engine face 
in a still more uniform pattern, thus lowering the Z>C« dis- 


tortion further. Again, this had consequences on the limit- 
ing streamlines, as can be seen by comparing Figs. 22 and 
24. What is most remarkable is that small distortion differ- 
ences show up very distinctly in the limiting streamline pat- 
terns induced by three vortex generator configurations. 
Thus surface flow patterns can prove invaluable in elucidat- 
ing certain essential features of installed vortex generator 
performance, and they are very easy to obtain within exper- 
imental studies. 

Thus, vortex flow control of inlet distortion can also 
be viewed as creating a new secondary flow field structure 
that will redistribute the low energy flow at the engine face 
in a more uniform manner. Although mixing takes place 
between the high energy core flow and low energy boundary 
layer flow, the primary gains result as a consequence of this 
redistribution process. 


CONCLUDING REMARKS 

The present study demonstrates that the Reduced 
Navier Stokes code RNS3D can be used very effectively to 
develop a vortex generator installation for the purpose of 
minimizing the engine face circumferential distortion by 
controlling the development of secondary flow. The com- 
puting times required are small enough that studies such as 
this are feasible within a design environment with all its 
constraints of time and costs. 

In this preliminary research study, computational 
fluid dynamics (CFD) was used to investigate the manage- 
ment of inlet distortion by the introduction of discrete 
vorticity sources at selected locations in the inlet for the 
purpose of controlling secondary flow. These sources of 
vorticity were introduced by means of vortex generators. A 
series of design observations were made concerning the im- 
portance of various vortex generator design parameters in 
minimizing engine face circumferential distortion. The study 
showed that vortex strength, generator scale, and secondary 
flow field structure have a complicated and interrelated in- 
fluence on the engine face distortion, over and above the 
initial geometry and arrangement of the generators. Overall, 
the installed vortex generator performance was found to be 
a function of three categories of variables, namely: (1) the 
inflow conditions, i.e. throat Mach number (inlet mass 
flow), Reynolds number, etc., (2) the aerodynamic charac- 
teristics associated with the inlet duct, and (3) the design 
parameters related to the geometry, arrangement, and 
placement of the vortex generators within the inlet duct it- 
self. The design challenge on the one hand, is to view vortex 
flow control as an an integral part of the inlet design, and 
on the other hand to manage simultaneously all of the de- 
sign variables in an integrated fashion in order to enlarge the 
flight envelope of the aircraft under consideration. 
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Total Pressure Recovery, PtJPtc 


Fig. (3) Nomenclature used for vortex generator positioning. 


Fig. (4) Axial locations of the vortex generator sector regions. 
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Fig. (5) Comparison between measured and calculated engine 
face total pressure recovery for the 727/TAY651 54 
center inlet duct without vortex flow control. 



Throat Mach Number, M f 


Fig. (6) Comparision between measured and calculated engine 
face DC W distortion for the 727/TAY651-54 center 
inlet duct without vortex flow control. 














Fig. (7) Comparision between measured and calculated engine 
face pressure recovery for the 727/TAY651-54 center 
inlet duct, with vortex flow control. 



Fig. (8) Comparision between measured and calculated engine 
face DQo distortion for the 727/TAY651-54 center 
inlet duct, with vortex flow control. 



Fig. (9) Effect of inlet throat Mach number (Af) on engine 
face DQo distortion for the 727/TAY651-54 center 
inlet duct without vortex flow control. 


Fig. (10) Effect of inlet throat Mach number (Afi) on engine 
face DQo distortion for the 727/TAY651-54 center 
inlet duct, with vortex flow control. 



Fig. (11) Effect of vortex generator installation axial sector 
location (XJR,) on engine face DQo distortion. 


Fig. (12) Effect of Reynolds number on the optimum vortex 
generator axial installation location. 
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Vortex Generator Sector Location, X, gj R t 


Fig. (13) Effect of generator blade height (hjR) on the optimum 
vortex generator axial installation location. 



Vortex Generator Spacing Angle, degrees 


Fig. (15) Effect of generator spacing angle (a t/ ) on engine 
face DQo distortion for the generator installation 
located at X u jRi = 3.0. 



Vortex Generator Spacing Angle, a,„ degrees 


Fig. (17) Effect of inlet Reynolds number on the optimum 
spacing angle (a f/ ) for the generator installation 
located at X,JRi = 3.0. 
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Vortex Generator Blade Height, hjRiX 10 


Fig, (14) Effect of generator blade height (h/R,) on engine face 
Z?C« distortion for the generator installation 
located at X T JR t = 3.0, 



Vortex Generator Spacing Angle, a rr degrees 


Fig. (16) Effect of inlet geometry on optimum spacing angle (a, x ) 
for the generator installation located at XJR,- ~ 3.0, 



Vortex Generator Sector Angle, degrees 


Fig. (18) Effect of generator sector angle (0,) on engine face 
DQo distortion for the generator installation 
. located at X,/X = 3.0. 



TOTAL PRESSURE SECONDARY FLOW 



Fig. (19) Engine face flow field for the 727/TAY651-54 center 
inlet duct without vortex generators. 


Fig. (20) Reduced Navier Stokes (RNS) solution showing the 
limiting streamline patterns for the 727/TAY651-54 
center inlet duct without vortex generators. 



Fig. (21) Engine face flow field for the 727/TAY651 54 center 
inlet duct, generator configuration dh729. 



Fig. (22) Reduced Navier Stokes (RNS) solution showing the 
limiting streamline patterns for the 727/TAY651-54 
center inlet duct, generator configuration dh729. 



Fig. (23) Engine face flow field for the 727/TAY651-54 center 
inlet duct, generator configuration dh733. 


Fig. (24) Reduced Navier Stokes (RNS) solution showing the 
limiting streamline patterns for the 727/TAY651-54 
center inlet duct, generator configuration dh733. 
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